An analysis is made of a two-dimensional array of diodes that can be used for measuring dose generated in a plane by a radiation beam. This measuring device is the MapCHECK™ Model 1175 ͑Sun Nuclear, Melbourne, FL͒. This device has 445 N-type diodes in a 22ϫ22 cm 2 2-D array with variable spacing. The entire array of diodes is easily calibrated to allow for measurements in absolute dose. For IMRT quality assurance, each beam is measured individually with the beam central axis oriented perpendicular to the plane of diodes. Software is available to do the analytical comparison of measurements versus dose distributions calculated by a treatment planning system. Comparison criteria of percent difference and distance-to-agreement are defined by the operator. Data are presented that show the diode array has linear response when beam fluence changes by over 300-fold, which is typical of the level of modulation in intensity modulated radiation therapy, IMRT, beams. A linear dependence is also shown for a 100-fold change in monitors units delivered. Methods for how this device can be used in the clinic for quality assurance of IMRT fields are described. Measurements of typical IMRT beams that are modulated by compensators and MLCs are presented with comparisons to treatment planning system dose calculations. A time analysis is done for typical IMRT quality assurance measurements. The setup, calibration, and analysis time for the 2-D diode array are on the order of 20 min, depending on numbers of fields. This is significantly less time than required to do similar analysis with radiographic film. The 2-D diode array is ideal for per-plan quality assurance after an IMRT system is fully commissioned.
INTRODUCTION
The primary goal of radiation therapy is to deliver doses of ionizing radiation to a target, while minimizing the dose that is given to adjacent healthy tissue. How this is accomplished with external sources of radiation has evolved as significant changes in imaging, treatment planning and delivery technology have occurred in the past 20 years. 1 Standard radiation therapy involved the use of radiation fields with approximately constant x-ray fluence across the beam.
2 Beam intensities could be modified with wedges 3 and compensator filters 4, 5 as needed for 2-D and 3-D planning. Conformal radiation therapy became possible with the development of computed tomography imaging and 3-D treatment planning programs. Conformal therapy required the use of multiple, non-coplanar beams that were individually shaped to the beams-eye-view of the target. 6, 7 During the past 10 years the use of external beams with modulated fluence across the beam, intensity modulated radiation therapy, IMRT, has been introduced. 8, 9 IMRT is an extension of 3-D conformal therapy that uses intensity modulated beams. This technique can produce dose distributions that have improved conformity to the target with consequent avoidance of critical structures. [10] [11] [12] [13] One of the challenges of radiation therapy is the establishment of quality assurance tests, which demonstrate that delivered treatments produce dose distributions as calculated by the treatment planning system. This problem is especially difficult for IMRT, which uses modulated beams that produce high dose-gradients. The ideal test would be to do true in vivo dosimetry and have detectors in the patient. This is not a practical solution from the patient point of view. Conventional practice, before IMRT, has relied on recommended methods for quality assurance of linear accelerators 14, 15 and treatment planning systems. 15, 16 Careful calibration 17 and maintenance of linear accelerators and detailed commissioning and routine checks of treatment planning systems are used in combination as an assurance of correct treatment delivery. Verification of the treatment planning systems is based on agreement of measured and computed beam profiles, depth dose curves, field-size dependence, and dose per monitor unit, MU, for a variety of field sizes for open and wedged fields.
IMRT with its highly modulated beams has required specialized dosimetric verification 18 -20 in addition to what has been recommended for 2-D and 3-D conformal radiation therapy. 14 -16 One method that is now commonly used 18 is to take beams that have been optimized for a patient and use them to irradiate simple-geometry phantoms. The resultant dose distribution in the phantom is calculated by the treatment planning system and compared to the measured data. The relative dose distributions have been measured with film 18 -21 and when combined with additional ion chamber measurements can be used to check absolute dosimetry. A check of the modulated beam fluence pattern 19, 22 has also been carried out using a 2-D beam imaging system.
The present work characterizes a new device for measuring dose in a plane under an IMRT field. The physical and dosimetric properties are measured. Methods for how this device can be used in the clinic for quality assurance of IMRT fields and typical results are presented.
MATERIALS AND METHODS
The x-ray beam used in this work was provided by a Siemens MD2 linear accelerator. A beam with nominal energy of 6 MV was used. Absolute dose calibration of the linear accelerator was done according to TG-51 23 and this beam had a percent-depth-dose of 66.9 for x rays only at 10 cm depth in water. Calibration conditions are 1 cGy/MU set at depth-of-maximum dose of 1.6 cm, source-to-surface distance, SSD, of 98.4 cm, and a 10ϫ10 cm 2 field defined at a distance of 100 cm. A cylindrical ion-chamber, model N30001 ͑PTW Hicksville, NY͒, calibrated at the University of Wisconsin Accredited Dosimetry Calibration Laboratory, was used in these measurements. When measuring linear accelerator outputs in air the ion chamber was covered with a cylindrical, acrylic, buildup cap with a 1.35 cm thick wall. The ion chamber was operated with 300 V of bias, which prevented measurement errors from charge-recombination.
The number of pulses produced by the linear accelerator in an irradiation was determined by the pulse counter of a Profiler, a diode linear-array detector ͑Sun Nuclear, Melbourne, FL͒. The period of the pulses was determined by dividing the irradiation time by the number of pulses counted. The pulse width was determined by measuring the time duration of the target current with an oscilloscope, Model 2247A ͑Tektronics, Beaverton, OR͒.
Scans of beam profiles were made with a threedimensional, scanning, water-phantom system ͑Wellhofer Dosimetrie, Schwrazenbruck, Germany͒. Scans were made with a cylindrical ion chamber, Model IC-15 ͑Wellhofer Dosimetrie, Schwrazenbruck, Germany͒, which had a 0.125 cm 3 volume and a diameter of the sensitive area of 5.5 mm.
The two-dimensional dose measuring device used in this work is the MapCHECK™ Model 1175 ͑Sun Nuclear, Melbourne, FL͒. The MapCHECK consists of 445 N-type diodes that are in a 22ϫ22 cm 2 2-D array with variable spacing between diodes, which is shown in Fig. 1 . Each detector has an active area of 0.8ϫ0.8 mm 2 . These N-type diodes are a proprietary design that makes them very resistant to damage by radiation compared to N-type diodes commercially available before 2001. Two acrylic plates that have conductive surfaces envelop the diodes, which are mounted on a multilayered circuit board. This provides shielding from radio frequency fields generated in a linear accelerator and radiological buildup of 2 g/cm 2 to the detector junctions. Each detector is connected to the input of a low leakage, high gain MOSFET operational amplifier, which integrates the signal during irradiation. Signal processing is done by a personal computer connected through an amplifier interface circuit. A diode-relative-sensitivity calibration procedure, performed with a built-in software application, determines the sensitivity of each diode with respect to the central diode. The matrix of diode sensitivities is recorded as a file in the computer and is applied to subsequent diode measurements.
The entire array of diodes was calibrated in dose by the following procedure immediately before its use for IMRT beam measurements. A linear accelerator that has been calibrated according to TG-51 23 was used to irradiate the MapCHECK with a 10ϫ10 cm 2 open field. The plane of the diodes was at 100 cm from the accelerator radiation source and the diodes were at a radiological depth of 5 g/cm 2 . This was provided by 3 cm of solid water on top of the MapCHECK with its intrinsic 2 g/cm 2 , 1.35 cm physical thickness, of buildup. The source-to-surface distance of this setup is 95.65 cm. The dose on the central axis at the diode plane is 92.7 cGy/100 MU for the calibrated linear accelerator. Based on the central diode reading and the matrix of diode sensitivities a built-in software application generated dose calibration factors for every detector. These factors are recorded as a file in the computer and are applied to subsequent diode measurements to give results in terms of calibrated dose.
For quality assurance of IMRT beams, the MapCHECK is used to measure every beam with the beam central axis oriented perpendicular to the plane of diodes. In order to do the measured versus calculated dose analysis, the treatment planning system must be able to use the IMRT beams ͑optimized for a patient͒ to calculate a separate dose distribution to a flat, solid-water phantom. The FOCUS 3-D Treatment Planning System ͑Computerized Medical Systems, St. Louis, MO͒ automatically calculates these quality assurance planes of dose for individual IMRT beams at a user-specified SSD and depth in phantom. In this study, the dose is calculated for a plane at 5 cm depth, which corresponds to the plane of diodes of the MapCHECK with 5 g/cm 2 buildup, and SSD of 95 cm. The dose calculation is carried out with a 3-D convolution/superposition algorithm. A software application, designed and prototyped by one of the authors, Ben Nelms, and Sun Nuclear, is available to do the analytical comparison of measured versus calculated dose. The dose distribution in the quality assurance plane is calculated at 2-3 mm resolution and interpolated to 1 mm resolution. It is viewed in the software as a grayscale ''virtual film.'' The diode array represents up to 445 point dose measurements that are superimposed on the virtual film for both percent difference and distance-to-agreement, 24 DTA, analysis. The operator can define separately a percent difference and DTA criterion ͑e.g., 3% percent difference/3 mm DTA, 3%/2 mm, 2%/2 mm, etc.͒.
Each diode reading is converted to dose, based on the calibration factors, and then compared to its corresponding calculated dose value from the quality assurance dose plane. Since the measured and calculated dose are both in absolute dose, the operator need only specify the normalization ͑100%͒ dose value, and the absolute dose relationships are preserved as the dose arrays are renormalized. Each diode position is analyzed for percent difference 25 using
The DTA analysis is performed with a search of all calculated dose values in a radius around each diode position. For any given diode, if there exists within the search radius either ͑a͒ a calculated dose value equal to or ͑b͒ a calculated dose value greater than and a calculated dose value less than the measured dose, then the analysis at that point satisfies the DTA criterion. Three different types of diode detectors were also used in this work. What is called an old N-type diode is a model 30-487-8, 6 -12 MV, N-type silicon diode ͑Sun Nuclear, Melbourne, FL͒, which was manufactured prior to 2001. This diode has an intrinsic buildup cap made of brass that is suitable for 6 to 12 MV x rays. An N-type ͑MapCHECK͒ diode, which is an individual MapCHECK diode, that is packaged in a cylindrical, brass buildup cap, which is identical to that of the old N-type diode. A P-type diode, which is a model 1113000-0, is a P-type silicon diode ͑Sun Nuclear, Melbourne, FL͒. This diode has an intrinsic buildup of less than 0.1 gm/cm 2 and is designed for dose measurements on the surface of a patient.
A model 80T-150U Universal Temperature Probe ͑Fluke Corp., Everett, WA͒ and Model 87 digital multimeter ͑Fluke Corp., Everett, WA͒ were used in combination for measuring temperature. The 80T-150U consists of a low mass, thermistor, temperature probe and a resistance-to-voltage converter.
To determine the temperature characteristics of the N-type ͑MapCHECK͒ diode it was forward biased and operated as a thermistor. 26 To do this the N-type ͑MapCHECK͒ diode was connected to the 80T-150U resistance-to-voltage converter. A voltage-temperature calibration was done as follows: the diode and a laboratory thermometer were packaged in a waterproof, latex sleeve, the combination was placed in a water bath, the temperature was varied, thermal equilibrium was established in about 7 min as evidenced by a stable voltage reading, and the temperature and voltage were measured. The voltage measured with the 80T-150U resistance-tovoltage converter was then converted to the junctiontemperature of the N-type ͑MapCHECK͒ diode.
To test the diode sensitivity at various temperatures it was irradiated and the charge output was measured with a laboratory built charge integrator and amplifier. The diode was irradiated with a 10ϫ10 cm 2 , 6 MV x-ray beam. The diode was secured to the side of a water bath that had a thin-plastic wall. The temperature of the water bath was changed, thermal equilibration was allow for 5 min, and the junction temperature of the diode was monitored by measuring the forward-biased diode resistance.
RESULTS
The linear accelerator delivers dose by giving square pulses of the electron beam at a frequency of a few tenths of a kilohertz. Changing the frequency of the pulses, not the amplitude or the duration of the pulses of the electron beam, varies the dose rate of the accelerator. For 6 MV x rays on the Siemens MD2 linear, the pulse duration was measured to be 5.5 s. A dose of 1 Gy at source-to-axis distance of 100 cm was delivered with 5723 pulses in 30 s. This is a dose per pulse, an instantaneous dose rate, of 1.75ϫ10 Ϫ4 Gy/pulse or 31.8 Gy/s during the pulse. The sensitivity of diodes has been shown 26 -31 to change when the dose-per-pulse is of this magnitude. This has been found to be a more significant problem for N-type diodes. 26 -28 The transmission of the multileaf collimator, MLC, was measured with an ion chamber at a depth of 5 cm in solid water. The ratio of the signal when the ion chamber was under the MLC to when it was in the open field was 0.3%. IMRT beams are modulated from 100% transmission to levels of 0.3%, which is the transmission of a MLC leaf. This is a potential 330-fold change in the instantaneous dose across the IMRT beam. Since the MapCHECK uses N-type diodes its dependence on dose-per-pulse is a concern.
The response of the MapCHECK and various types of Exposures were made with a 10ϫ10 cm 2 field measured at 100 cm from the radiation source of a linear accelerator. The dose-per-pulse value was varied from 1.8 to 0.16 by changing the distance of the detector to the radiation source from 75 to 250 cm. The dose-per-pulse value of 0.003 was obtained by irradiating the detector with it positioned under a collimator jaw. The total range of dose-perpulse change is 1.8/0.003ϭ600-fold. The dose-per-pulse values were normalized to the value at a detector-to-source distance of 100 cm. The corresponding dose-per-pulse value was 1.75ϫ10
Ϫ4 Gy/pulse. diodes at different dose-per-pulse values are shown in Fig. 2 . The value of dose-per-pulse was varied by making measurements at various distances from the source or with the detector positioned under a collimator jaw. The dose-per-pulse value itself was measured with an ion chamber. The data in Fig. 2 indicate that the MapCHECK N-type diodes are very similar to a P-type diode and have about a 2% change in sensitivity for a dose-per-pulse change of 600-fold. The old N-type diode shows greater than 14% change in its sensitivity in this same range of dose rates. Since IMRT treatments are given at a variety of doses the response of the MapCHECK to various doses is important.
The dose is what is normally referred to when making an irradiation. This is different than the dose-per-pulse described earlier. In the present context, dose is the sum of the dose delivered by each pulse in an irradiation. Figure 3 shows that the response of the MapCHECK is linear over a 100-fold change in dose.
The short-term, over a period of hours, reproducibility of MapCHECK measurements was determined by repeatedly measuring the dose under an aluminum compensator-filter, which was shaped like a wedge. The aluminum filter was irradiated by a 6 MV x-ray beam with a 15ϫ15 cm 2 field. The MapCHECK diodes were at a source-to-axis distance of 100 cm, a radiological depth of 2 g/cm 2 , and received 89 cGy on the central axis. Table I shows the result of seven repeat measurements made by nine diodes. The relative standard deviation of these measurements was р0.05%.
The long-term, over a period of months, reproducibility of MapCHECK measurements was quantified over a 261 day period of use. As explained in the Material and Methods section, a 10ϫ10 cm 2 open field was measured prior to each measurement session. These measurements provide a record of the relative sensitivity of each diode with respect to the central diode, presuming that the beam flatness and symmetry are unchanged during this period of time. Figure 4 shows the measured relative sensitivity of four MapCHECK diodes over a 9 month period of use. Over this time period approximately 150 IMRT fields were measured with the MapCHECK with an estimated total dose delivered of 50 Gy. Based on the data in Fig. 4 , there is no noticeable change in the sensitivity of these four diodes under these conditions of use. The average sensitivity and standard deviation of the data in Fig. 4 is as follows: diode 1, 1.005Ϯ0.0017; diode 2, 1.004Ϯ0.0018; diode 3, 1.005Ϯ0.0024; and diode 4, 1.002 Ϯ0.0016.
The sensitivity of diodes to radiation changes with temperature. To test the MapCHECK temperature sensitivity by changing its temperature is not practical due to its large size and weight. Instead, an individual diode, N-type ͑MapCHECK͒ diode, was tested. Figure 5 shows the change in the diode signal with diode temperature. The diode temperature coefficient, C T , at temperature, T, is defined as follows: where S is the diode signal. Based on the data in Fig. 5 C T (Tϭ22°C)ϭ0.54%/°C. The temperature difference across the MapCHECK was determined by measuring the surface temperature at extreme positions. These data are shown in Table II . The temperature difference is 0.1°C across a MapCHECK that is in temperature equilibrated. Based on the measured temperature coefficient of an N-type ͑MapCHECK͒ diode this corresponds to a 0.05% difference in diode sensitivity across the MapCHECK due to temperature difference.
In order to calibrate the MapCHECK the central diode must be irradiated to a known dose. To do this requires that the scatter characteristics of the MapCHECK are known. The scatter characteristics of the MapCHECK are determined by measuring the central diode response to irradiation by different field sizes of a 6 MV x-ray beam. The same measurement is made for an ion chamber in a water phantom. These data are shown in Fig. 6 . The MapCHECK central diode and the ion chamber signals increase almost identically with field size. This demonstrates that the MapCHECK and water phantom have very similar scatter characteristics. In Fig. 6 the ion chamber shows slightly greater dose rate than the MapCHECK diode at field sizes greater than 18ϫ18 cm 2 . This is due to a smaller amount of scatter in the MapCHECK compared to the 64ϫ64ϫ40 cm 3 water phantom that was used. Most importantly, for a 10ϫ10 cm 2 field the MapCHECK central diode and the ion chamber have virtually identical scatter behavior. Under the geometry of this measurement, the dose rate measured by the calibrated ion chamber is found to be 0.927 cGy/MU. This value is used to calibrate the MapCHECK central diode in terms of dose.
The ability of the MapCHECK to measure dose across a field was compared to the profile of dose measured with an ion chamber in a water scanning-system. Figure 7 shows data for dose at a radiological depth of 2 g/cm 2 for a 20 ϫ20 cm 2 field of a 6 MV x-ray beam, whose central axis is incident perpendicular to the surface of the phantom. The ''horns'' of the beam are easily seen and the MapCHECK measurements are in very close agreement to the ion chamber scan data. Figure 8 shows data for a 10ϫ10 cm 2 beam, whose central axis is incident at a 30°angle to the surface of the phantom. The sloped dose distribution caused by the beam incident angle is easily seen and the MapCHECK measurements are in very close agreement to the ion chamber scan data.
Typical MapCHECK measurements and comparisons are shown in Figs. 9 and 10. These are examples of IMRT fields modulated by a MLC or a compensator. For these plots the comparison criteria of Ϯ3% difference and a distance-toagreement р3 mm were used. Since the diodes are calibrated in dose these comparisons are in absolute dose not just relative dose. Figures 11 and 12 show comparisons when the compensator was misaligned laterally or rotationally with respect to the intended dose distribution that was calculated. The MapCHECK measurement and comparison is quite sensitive to misalignments.
The use of MapCHECK for routine quality assurance of IMRT fields has been found to be very efficient. Table III gives typical values for the time needed for various steps in the measurements. The beam irradiation time is variable and depends on the type of modulation: compensator, step-andshoot MLC, dynamic MLC, the number of intensity levels used, number of MLC segments required, and the dose that is to be delivered. Since the beam irradiation time is the same for any measurement and analysis method it is neutral in any comparison. The setup, calibration, and analysis time are dependent on the analysis method. For MapCHECK these steps are on the order of 20 min, depending on numbers of fields.
DISCUSSION
Dose rate dependence has been reported to be a problem for N-type silicon diodes 26 -28 but not for preirradiated P-type detectors. 28, 29 It has since been shown 30, 31 that P-type silicon diodes do show a dependence on dose-per-pulse, which occurs at much higher accumulated irradiation dose than for N-type diodes. The improved N-type diode used in the MapCHECK shows dose-per-pulse dependence that is quite similar to what is normally found for P-type diodes.
The radiation damage that underlies the diode dependence on dose-per-pulse increases with accumulated dose, especially from high energy photon beams that contain neutron contamination. 26, 29, 30, 32, 33 Since IMRT for head and neck sites is predominantly done with 6 MV beams, which do not have contamination neutrons, one expects a slow accumulation of radiation damage to the N-type diodes of the MapCHECK. However, if a clinic does a large number of IMRT treatments with 10-20 MV x rays, such as for prostate, then neutron damage may be important. It has been shown 33 that N-and P-type diodes have a drop in sensitivity of 1.5% to 2.2% per 1000 Gy of absorbed dose. The average IMRT treatment delivers about 2 Gy per fraction. This is approximately the dose delivered to the MapCHECK for the quality assurance check of an IMRT patient. If one allows a 2% drop in MapCHECK sensitivity before a diode-relativesensitivity calibration is done, then the frequency of calibration would be every 500 measured patients. For most clinics, an annual calibration of the MapCHECK would be adequate.
The results displayed in Fig. 4 for 50 Gy of exposed dose FIG. 6 . The response of the MapCHECK central diode and an ion chamber versus the field size of a 6 MV x-ray beam used for irradiation. The MapCHECK diode was at source-to-axis distance of 100 cm and at a radiological depth of 5 g/cm 2 . The ion chamber was at source-to-axis distance of 100 cm and at 5 cm depth in a water phantom. Dose rates were based on the response of the ion chamber, which was 0.927 cGy/MU for the 10ϫ10 cm 2 field. The MapCHECK central diode response was normalized to this value.
FIG. 7.
A comparison of MapCHECK and ion chamber measurements of a beam profile. Irradiation is done with a 6 MV x-ray beam, 20ϫ20 cm 2 field, whose central axis is incident perpendicular to the surface of the phantom. The ion chamber is 2 cm deep in a water phantom and measurements are shown as a solid line. The MapCHECK diodes are at a radiological depth of 2 g/cm 2 . The MapCHECK diodes are along the X axis shown in Fig. 1 and measurements are shown as dots. The data are normalized to the measured value at the central axis position.
to the MapCHECK show no discernable change in diode sensitivity. This is in agreement with earlier results 33 that would predict 0.075% to 0.11% decrease in diode sensitivity for 50 Gy of irradiation, which one could not observe above experimental uncertainty.
The temperature coefficient of the N-type ͑MapCHECK͒ diode was found to be 0.54%/°C, which is higher than the 0.05 to 0.40%/°C values reported in the literature 26, 29, 30, 34 for N-type and P-type diodes. It is recommended that the MapCHECK be stored at a temperature close to that of the treatment room where it is going to be used. In that way temperature differences across the MapCHECK will be small as shown in Table II . Any changes in temperature in the measurement environment from day-to-day will not be important since the MapCHECK is calibrated in absolute dose immediately before a measurement session.
The comparisons done with MapCHECK measurements, such as shown in Figs. 9-12, were done with criteria of Ϯ3% difference and a distance-to-agreement р3 mm. The quantitative measurement and comparison tool that MapCHECK has allows one to ask a new question. What criteria and what percent of points passing the criteria will make a significant difference in final IMRT dose distributions and clinical outcomes? Now that this tool is available the medical physics community can attempt to answer this question.
There are two obvious advantages of using this 2-D diode array as an IMRT quality assurance tool. First is the ability to perform absolute dose comparisons for hundreds of measurement positions using only a single beam delivery, as compared to the many multitudes of delivery repetitions necessary to perform absolute point measurements with a micro ionization-chamber. Second is the efficiency in time and effort. The use of MapCHECK for routine quality assurance of IMRT fields is very efficient as shown in Table III . The setup, calibration, and analysis time are on the order of 20 min, depending on numbers of fields. To do this type of quality assurance, in absolute dose, with film requires many hours of work and extreme care in processing of film, generation of the dose-response curve, and measurements of dose at a point with a calibrated ion chamber. Also, film requires an expensive 2-D film-density scanner and expensive software for converting optical density to dose and comparing the 2-D dose distribution to the dose distribution provided by the treatment-planning system.
One of the disadvantages of the MapCHECK is the spatial resolution of the diode array, which is shown in Fig. 1 . For the 22ϫ22 cm 2 measurement plane of the MapCHECK there are 445 measurement points. For film with assay resolution of 1 mm spacing there are 48 400 measurement points in a 22ϫ22 cm 2 field of view. This high resolution allows film to more accurately measure regions of high dose-gradient, which occur in IMRT fields. However, as shown in Figs. 9 and 10, for routine quality assurance MapCHECK can show that measured and calculated data agree within reasonable criteria for greater than 95% of hundreds of points in the field.
The resolution of film dosimetry is unrivaled. Film is necessary in commissioning an IMRT program. However, the 2-D diode array is ideal for per-plan quality assurance after an IMRT system is fully commissioned. It would be possible to increase the resolution of the diode array by designing an accurate stepper platform to be placed under the fixed array. Multiple beam deliveries with the diode array in different positions would, in effect, provide more points of measurement that could be superimposed to give a higher resolution measurement array.
Some would argue that a major deficiency of the 2-D diode array is the inability to measure true composite plans, with the beams in their intended treatment angles incident on a measurement phantom. It is true that the diode array requires beam irradiation normal to the plane of measurement, and thus is applicable for beam-by-beam analysis rather than multi-beam composite analysis. However, beam-by-beam analysis is generally more stringent than composite analysis, as small errors in any single field are more easily detected rather than being potentially lost in a larger sea of composite dose. While composite IMRT film analysis has its merits, it is primarily popular because it reduces the time required for quality assurance by limiting the number of films irradiated, processed, calibrated, and analyzed. The 2-D diode analysis, even on a beam-by-beam basis, is much more time efficient than a single composite film analysis.
The 2-D array can also be used for routine quality assurance for open beams. The array is positioned so that diodes on the diagonals that have 7 mm separation, see radiation-field coincidence are determined. This is a very efficient quality assurance method since a single irradiation gives both in-plane and cross-plane data. Also useful in the future would be a quality assurance phantom constructed to hold a 3-D array of diodes, not just a plane. Careful engineering would be required to ensure that the diodes respond equally from any direction, and there would need to be negligible perturbation of dose due to surrounding electronic circuitry. Such a volumetric phantom would provide a very efficient tool for analysis of composite IMRT plans, and would lend itself to more advanced delivery systems such as Tomotherapy or other dynamic rotational methods.
